Background: Multiple piezoelectric pressure mechanotransducers topologized into an array might improve efficiency and accuracy in collecting arterial pressure waveforms for measurement of pulse wave velocity (PWV). Objective: In the present study, we validated a piezoelectric sensor array-based prototype (Philips) against the validated and clinically widely used Complior device (Alam Medical). Methods: We recruited 33 subjects with a wide distribution of PWV. For the validation, PWV was measured sequentially with the Complior device (four times) and the Philips prototype (three times). With the 99 paired PWV values, we investigated the agreement between the Philips prototype and the Complior device using Pearson correlation analysis and Bland-Altman plot. We also performed analysis on the determinants and reproducibility of PWV measured with both devices. Results: The correlation coefficient for PWV measured with the two devices was 0.92 (p < 0.0001). Compared with the Complior device, the Philips prototype slightly overestimated PWV by 0.24 (± 2 standard deviations, ± 1.91) m/s, especially when PWV was high. The correlation coefficient between the difference and the average of the Philips and Complior measurements was 0.21 (p = 0.035). Nonetheless, they had similar determinants. Age, mean arterial pressure, and sex altogether explained 81.6 and 83.9% of the variance of PWV values measured with the Philips prototype and Complior device, respectively. When the two extremes of the three PWV values measured with the Philips prototype and the Complior device were investigated, the coefficients of variation were 8.26 and 3.26%, respectively. Conclusions: Compared with the Complior device, the Philips prototype had similar accuracy, determinants, and reproducibility in measuring PWV.
Introduction
Current hypertension guidelines recommend arterial stiffness, measured by aortic pulse wave velocity (PWV), as an assessment of target organ damage [1] and a factor for risk stratification [2] . Indeed, aortic PWV may improve cardiovascular prediction in the general population [3] and in patients with various diseases, such as hypertension [4, 5] , end-stage renal disease [6] , etc. Aortic PWV is usually measured as carotid-femoral PWV by collecting the pulse waveforms on the carotid and femoral arteries and by measuring the distance between the two arterial sites. There is some discussion on measurement errors of the travel path length of the pulse waves and the influence on accuracy of carotid-femoral PWV measurement [7] . In fact, the collection of pulse waves may also impact the accuracy of measurement [8] . The piezoelectric pressure mechanotransducing technology (Complior; Alam Medical, France) allows recording of waveforms simultaneously on two superficial arterial sites and has relatively low cost compared to the Millar tonometry technique that records the carotid and femoral waveforms sequentially. However, a single sensor of the piezoelectric pressure mechanotransducing technology may not be sufficiently accurate in collecting pulse waveforms of carotid and femoral arteries and in turn also in measuring carotid-femoral PWV. One possible approach to improve efficiency and accuracy is to increase the number of sensors of the transducer.
The Philips prototype is designed with a piezoelectric sensor array in attempt to have an accurate, easy-to-use, and reliable low-cost solution for measurement of carotid-femoral PWV. It has to be validated for accuracy. To design a validation study, we referred to the European Society of Hypertension International Protocol for validation of blood pressure measuring devices in adults [9] regarding the selection of subjects in a wide range of carotidfemoral PWV and the repeated measurements in each study subject. We chose the validated and well-accepted Complior device as the standard [10] . We report in the present article the results of a validation study of the Philips prototype against the Complior device in subjects with a wide range of carotid-femoral PWV.
Methods

Study Population
Our study subjects were recruited in the specialized outpatient clinic of hypertension, Ruijin Hospital, Shanghai Jiaotong University School of Medicine, Shanghai, China. We screened consecutive subjects aged 25-75 years for carotid-femoral PWV, measured by the Complior device, and enrolled those with a PWV in the range from 5 to 15 m/s. We excluded patients with atrial fibrillation. For practical reasons, we also excluded patients with known secondary hypertension, peripheral vascular disease, cerebrovascular disease, valvular heart disease, cardiac arrhythmia, congestive heart failure, or any other life-threatening diseases.
The Philips Prototype
The Philips prototype is composed of two PWV measurement probes and one ECG probe (with three electrodes). The system estimates the pulse transit time by a foot-to-foot method, operates the applanation tonometry technology, and simultaneously collects carotid and femoral waveforms with two piezoelectric probes. The carotid and femoral probes consist of 4 and 5 piezoelectric sensors, respectively. Each sensor consists of an integrated piezoelectric membrane. The probe chooses the best signal detected by one of the multiple sensors. An acquisition module transmits the data to a MatLab program for data storage and analysis.
The Validation Protocol
We chose the widely used Complior device as the standard and measured PWV sequentially four times with the Complior device (PWV measurements 1, 3, 5, and 7) and three times with the Philips prototype (PWV measurements 2, 4, and 6). After the enrolled subjects had rested in the supine position for at least 5 min, an experienced technician measured his or her blood pressure three times consecutively using a validated automated upper arm blood pressure monitor (HEM-7011; Omron, Kyoto, Japan). A technician measured the distance from the sternal notch to the femoral site and the distance from the sternal notch to the carotid site. The length of the travel path was the sum of the two distances and was used for the calculation of PWV for both devices. Carotid and femoral pulse waveforms were then collected alternatively with the Complior device and the Philips prototype, and the time delay between carotid and femoral pulse waves was computed. PWV was calculated by dividing the length of the travel path by the time delay of the pulse waves. Mean arterial pressure was calculated as the sum of one-third of systolic blood pressure and twothirds of diastolic blood pressure.
Statistical Analysis
We used SAS software version 9. In further analysis, we averaged the three measurements per study subject for the Complior device and the Philips prototype, respectively. In these 33 subjects, we performed multiple stepwise regression analysis to study the determinants of PWV obtained with the two devices. The p value for covariables to enter and stay in the model was set at 0.10. We compared the size of the correlation coefficients after Fisher z transformation [11] . We also performed reproducibility analysis of the two extreme values of the three PWV measurements per device in the 33 subjects. We computed coefficients of variation as the ratio of the standard deviation to the mean of the difference of the PWV values.
Results
Characteristics of the Study Participants
The 33 study participants included 17 (51.5%) men, 10 (30.3%) treated hypertensive patients, and 2 (6.1%) diabetic patients. They had a mean age of 46.6 ± 12.8 years, a mean body mass index of 23.0 ± 2.3, a mean systolic/diastolic blood pressure of 132.3/73.0 mm Hg, and a mean heart rate of 71.6 ± 7.7 beats/min ( Table 1) . The proportion of current smoking and alcohol intake was 36.4% (n = 12) and 21.2% (n = 7), respectively. The mean pulse wave travel distance was 64.0 ± 4.0 cm (range 57-70 cm). The first PWV measurement obtained with the Complior device averaged 10.6 m/s (range 5.9-14.9 m/s) and was < 10 m/s in 10 subjects, 10-11 m/s in 8 subjects, and > 11 m/s in 15 subjects.
Agreement between the Philips Prototype and the Complior Device
Among the 99 pairs, there was significant correlation between PWV values obtained with the Philips prototype and the Complior device, with a correlation coefficient of 0.92 (p < 0.0001) (Fig. 1) . The mean difference (95% confidence interval) in PWV values between the two devices was 0.24 (-1.67 to 2.14) m/s (Fig. 2) . The difference was significantly associated with the mean of PWV values measured with the two devices, with a correlation coefficient of 0.21 (p = 0.035), indicating under-and overestimation of PWV with the Philips prototype at low and high levels of PWV, respectively (Fig. 2) .
Determinants of PWV Obtained with the Philips Prototype and the Complior Device
In multiple stepwise regression analysis, we considered age, sex, body mass index, mean arterial pressure, heart rate, current smoking, and alcohol intake as determinants of PWV. We found that PWV was associated with age, sex, and mean arterial pressure for both devices (p ≤ 0.09) and with body mass index for the Philips prototype (p = 0.05). These variables altogether explained 81.6 and 83.9% of the variance for the Philips prototype and the Complior device, respectively ( Table 2) . The relationship between PWV and its major determinants, such as age and mean arterial pressure, was indistinguishable between the two devices (Fig. 3) . We also investigated the difference in the magnitude of correlation coefficients of the major determinants of PWV between the two devices. None of the differences in the magnitude of correlation coefficients between the two devices reached statistical significance (p ≥ 0.53) ( Table 2) .
Reproducibility of PWV Values Obtained with the Philips Prototype and the Complior Device
Reproducibility was investigated with the two extreme values of the three PWV measurements per device. The coefficients of variation were 8.26 and 3.26% for the Philips prototype and the Complior device, respectively.
Discussion
Our study showed that, compared with the Complior device, the Philips prototype had similar accuracy, determinants, and reproducibility in PWV measurement. Indeed, the correlation coefficient was as high as 0.92, and the mean difference was as small as 0.24 m/s. Measurements with both devices were highly dependent on age, mean arterial pressure, and sex, and were reproducible.
According to the ARTERY Society guidelines on validation of devices for the noninvasive measurement of arterial PWV, the accuracy of measurement with a test device is charac- In multiple stepwise regression analysis we considered sex, age, mean arterial pressure, heart rate, body mass index, smoking, and drinking. We reported partial r, regression coefficient (β) ± standard error (SE), and p value for variables entered and staying in the model. p r is for the difference in correlation coefficients between the two devices. MAP, mean arterial pressure.
terized as "acceptable" when the mean difference is < 1.0 m/s and the standard deviation of the difference between the test and standard device is < 1.5 m/s [12] . The Philips prototype should be considered more than "acceptable" (mean difference 0.24 m/s, standard deviation 0.95 m/s). Nonetheless, our study was not conducted in complete accordance with this guideline document. It included 33 subjects, instead of the 90 or more subjects recommended by the guideline. However, we performed repeated measurements for both the test and the standard device, and eventually 99 paired measurements were included in the analysis of accuracy. In addition, our study subjects had a wide distribution of PWV measured with the standard device. Finally, the PWV measurements in our study were performed by a single instead of two technicians. One experienced technician may have systemic errors in measurements, for instance in measuring the distance between the two arterial sites. However, such systemic error, if any, should be similar for both devices.
The analysis on the major determinants of PWV measured with the two devices also supports the consistency in the measurement of PWV between the two devices. The determinants of PWV values measured with the two devices are almost identical regarding the size of the partial correlation coefficients and the adjusted regression coefficients. Nonetheless, body mass index was significantly associated with PWV measured with the Philips prototype, but not with the Complior device. In fact, our finding is in keeping with the result of a previous validation study on the Complior device in which body mass index was not associated with PWV [13] . Given the weak correlation between body mass index and PWV measured with the Philips prototype, a chance finding is also possible. Moreover, the reproducibility analysis is also supportive. Both devices had a coefficient of variation < 10%. It is noteworthy that this reproducibility assessment was performed with two extremes of the three measurements included in the analysis. In conclusion, the Philips prototype is in close agreement with the Complior device in the measurement of carotid-femoral PWV. If developed into a commercial product, it may be an easy-to-use and low-cost tool for measurement of carotid-femoral PWV. Such a device may offer the possibility to measure PWV in low-resource settings such as primary care practices. Our study was conducted in the Chinese population. Whether the results of our validation study can be extrapolated to other populations or ethnicities remains under investigation. Nonetheless, taken the fact that the Complior device has been widely used and accepted in many different populations and ethnicities [13] [14] [15] , our results may also be applicable to other ethnicities.
